Abstract: The present paper is concerned with the study of the propagation of acceleration waves along the characteristic path in a non-ideal gas flow with effect of radiative heat transfer. It is shown that a linear solution in the characteristic plane can exhibit non-linear behavior in the physical plane. It is also investigated as to how the radiative heat transfer under the optically thin limit will affect the formation of shock in planer, cylindrical and spherically symmetric flows. We conclude that there exists critical amplitude such that any compressive waves with initial amplitude greater than the critical one terminate into shock waves while an initial amplitude less than the critical one results in the decay of the disturbance. The critical time for shock formation has been computed. In this paper we also compare/contrast the nature of solution in ideal and non ideal gas flows.
Introduction
In the unsteady flow of a compressible fluid, a surface may exist, on which the acceleration of the fluid particle has a discontinuity known as an acceleration wave. The study of jump discontinuities along characteristic curves has been extensively done during the past decades. The analysis of these waves has been the subject of great interest both from the mathematical and physical point of view. A number of problems relating to acceleration wave with radiative effects and some considerations of the non-linear effects have been studied analytically in the past Courant and Friedrichs [1] , Whitham [2] , Jeffrey and Taniuti [15] . Higashino [15] used the method of characteristics to investigate the propagation of shock waves in dusty gases for the planar and nonplanar symmetry. The growth and decay of weak discontinuities headed by a wave front of arbitrary shape in a radiative gas has been analyzed by Sharma and Shyam [4] . Pai [5] and Singh et al. [6] have studied the thermal radiation effects on the propagation of small disturbances in gaseous flows under steady and unsteady conditions. Ram and Pandey [7] studied the growth and decay of acceleration waves in transient gas flows with vibrational relaxation. Ram and Srinivasan [8] discussed the radiative heat transfer effects on the propagation of pressure shock. The breakdown of the characteristics solution in the neighborhood of the leading frozen characteristic is investigated for the flow induced by a piston advancing with finite acceleration into a relaxing gas by Rarity [9] . Clarke [10] , Bowen and Chen [11] have studied various properties of acceleration waves in non-equilibrium flows. Ram [12] studied the effect of radiative heat transfer on the growth and decay of accel-eration waves. Singh et al. [13, 14] used the perturbation scheme to study the propagation of a weak shock wave in a supersonic flow of plasma with thermal radiation and investigated as to how the coupling between the radiative transfer and magnetohydrodynamic phenomena affects the flow field. Singh et al. [16, 19] have used the wavefront expansion technique to study the formation of shock waves in a two dimensional steady supersonic flow of a non-ideal radiating gas past plane and axisymmetric bodies. The aim of the present paper is to investigate the problem of propagation of acceleration waves along the characteristic path by using the characteristics of the governing system as the reference coordinate system in a non-ideal gas under the influence of radiative heat transfer. The medium is taken to be sufficiently hot for the effects of the thermal radiation to be significant, which are treated by the optically thin approximation to the radiative transfer equations. It is also assessed as to how the shock formation distance is influenced by the radiation effects in a non-ideal gas.
Governing equations and characteristics
The basic equations for an unsteady one dimensional planar and non planar flow in non-ideal radiating gasdynamics, where the thermal radiation effects are treated by the optically thin approximation to the radiative transfer equations, can be written down in the following form (Panner and Olfe [20] , Pai [5] )
is the speed of sound, is the pressure, ρ is the gas density, νis the velocity along the -axis, the time, T is the absolute temperature, D is the Rossland diffusion coefficient of radiation, S is the StefanBoltzmann constant, is the single spatial co-ordinate being either axial in flows with planer ( = 0) geometry or radial in cylindrically symmetric ( = 1) and spherically symmetric ( = 2) flows and γ is the constant specific heat ratio. Here and throughout, non-numeric subscripts will denote partial differentiation with respect to the indicated variables unless stated otherwise. The above equations are supplemented with the Van der Waals equation of state (Wu and Roberts [17] , Singh et al. [18] ):
where R is the gas constant and is the Van der Waals excluded volume which is known in terms of the molecular interaction potential in high temperature gases.
Equations (1)- (3) may be written in the matrix form as follows
where , B are column vectors and A is matrix of order 3 × 3, given as
Equation (5) is a system of quasilinear hyperbolic partial differential equations having three real characteristics, along which acceleration waves are propagated. Thus the function ( ) satisfies (5) everywhere except at characteristic curve Ω( ), where ( ) is continuous, but and undergoes finite jumps across Ω( ). Such type of discontinuity is known as "acceleration wave". The jump of across Ω( ) is denoted by [ ]. Thus we have
where ∂/∂ represents time-derivative as observed from the wave front. Taking the jump in (5), using (7) and condition of continuity [ ] = 0, yields
where I 3×3 is an identity matrix. From the equation (8), we observe that if there exist a finite discontinuity of acceleration along the characteristic curve, the characteristic speed of propagation Ω/ is characteristic roots of A. Hence the characteristic curves are given as
which represent the outgoing and incoming wavelets along the -axis with as the effective speed of sound in nonideal medium and
is the trajectory of the fluid particle.
Characteristic transformation
Now we introduce the characteristic variables φ and ξ as follows:
1. ξ is a "particle tag" so that ξ is constant along the trajectory of the fluid particle / = ν in the ( ) plane. The particle and its path will be labeled by ξ = , if the characteristic wave front traverses a particle at time .
2. φ is a wave tag so that φ is constant along an outgoing characteristics / = ν + in ( ) plane, which will be labeled by φ = * , if an outgoing wave is generated at time * .
It is now clear that for each value of (φ ξ) there is a corresponding pair ( ) so that = (φ ξ), = (φ ξ). Thus we have
The above transformation yields
where J is the Jacobian of transformation given as
It is clear from the above relations that J = 0 if and only if φ = 0, when two adjoining characteristics unify into a shock wave since doubling up or overlapping of fluid particles is prohibited from physical considerations, ξ = 0. Hence J = 0 gives us the condition for the formation of shock wave. Using (11) and (12) in (1)- (3) we get the following relations
Using (14) and (15) in (13) we have
Boundary conditions
The boundary conditions at the shock front are
Since the flow of the fluid ahead of the shock is homogeneous and at rest, we have
Now using (17) and (18) in the equations (14) and (10) we get φ = ρ 0 0 ν φ at φ = 0 (19)
where the subscript "0" denotes flow variables associated with the undisturbed medium ahead of the wave. Using (18) in equation (12), we get
where is the amplitude of acceleration wave.
Solution of the problem
Now we differentiate (10), (16) and (19) with respect to φ and ξ and obtain
where ν is specific heat at constant volume.
On differentiating (21) with respect to ξ and using (22) and (23) we get
Introducing the following dimensionless parameters
where θ, µ, ω, α represents dimensionless parameter of the wave amplitude, dimensionless parameter of time, dimensionless parameter of initial acceleration, dimensionless parameter of radiative heat effects respectively, and superscript " * " denotes initial wave level. Now equation (24) can be written as
where¯ = ρ 0 . Equation (26) may be reduced to a linear form so that its analytical solution is given as
where
We conclude from equations (21) and (27) that the shock wave will form when φ vanishes, i.e.
Since Y (µ) ≥ 0, the condition (28) shows that only compressive wave fronts (ω < 0) may grow into shock waves. Now we shall discuss the formation of the shock for various cases.
Case I
When = 0 (plane case), we get
Substituting (29) in (27) and using (25) we get
The equation (30) shows that the expansive wave fronts ω > 0 will exponentially decay in amplitude and damp out ultimately. The rate of exponential decay in non-ideal gas is accelerated as compared to in an ideal gas. This nature is exhibited by the solution curves 1 and 2 in Figure 1 . It may be noted here that¯ = 0 0 corresponds to ideal gas and α = 0 0 corresponds to non-radiating flow. The solution curves corresponding to equation (30) for compressive waves ω < 0 is presented in Figure 2 . The lines (1, 3 and 4) in Figure 2 parallel to vertical axis represent the corresponding point of first breaking. It is clear that all compressive waves do not terminate into shock waves for both ideal and non-ideal radiating gas flows. The solution curves 1 and 4 exhibit the shock formation, while the solution curve 2 exhibits the decay behavior of shock. This is in contrast with the well known property that all compressive waves in ideal gas flows terminate into shock waves. This implies that radiative heat transfer has a stabilizing effect in the sense that not all compressive acceleration waves will grow into shock waves in both ideal and non-ideal gas flows. Further the effect of non-idealness of the gas is to accelerate the process of shock formation which is illustrated by solution curves 3 in Figure 2 . Also there exists a critical such that initial amplitude of compressive disturbances greater (less) than from the critical amplitude will (will not) terminate into shock wave. It is also expected physically as the non-idealness of the gas has a destabilizing effect. It may be noted here that the absolute value of the critical amplitude in non ideal radiating flows is less than the value in an ideal radiating gas flow. The solution curves in Figures 1-2 indicate that the radiative heat transfer effects will accelerate the decaying of expansive wave fronts, but will drag the breaking point of compressive wave fronts along the leading characteristics and thus delay the shock formation. 
Case II

When
= 1 (cylindrical symmetry). In this case, the solution of equation (26) is given as θ = (1 + 2µ)
The solution curves corresponding to equation (32) are shown in Figure 5 and Figure 6 where the lines (1, 2 and 4) parallel to the vertical axis represent the corresponding point of first breaking. The behavior of solution curves is similar to the case of plane wave fronts. There is slight variation in the sense that the process of steepening or flattening is accelerated as compared to plane case.
Case III
When = 2 (spherical symmetry). The solution of equation (26) for this case is given by 
The solution curves for this case are shown in Figure 7 and Figure 8 where the lines (1, 2 and 3) parallel to the vertical axis represent the corresponding point of first breaking. The nature of solution curves is more or less the same as that of those for plane and cylindrical wave fronts. The solution curve corresponding to 4: α = 1, ω = −2 in Figure 8 shows a marked difference in the sense that a spherical symmetry does not allow shock formation. The reason for this behavior could not be ascertained but this shows that the critical amplitude depends upon¯ , α and . From the Figures 6 and 8 it is clear that to get a shock for the same value of α the level of ω must be lower in cylindrical and spherically symmetric flows as compared to planer flow. This shows that the effect of increasing values of α or ω is to increase the shock formation distance or time. Therefore, we may conclude that the nature of solution curves for cylindrical and spherically symmetry flows show more or less similar behavior as that of those for planer geometry. However, there is slight variation in the sense that the process of steepening of compressive waves or flattening of expansive waves is accelerated as compared to plane case. These results are also in close agreement with the results presented in the literature Ram [12] .
Conclusion
The growth and decay behavior of acceleration waves propagating in a plane, cylindrically symmetric and spherically symmetric motion of a non-ideal radiating gas is examined. The effects of radiation are treated by optically thin approximation to the radiative heat transfer equations. It is shown that a linear solution in the characteristic plane may exhibit non-linear behavior in the physical plane. Transport equations are derived which lead to determine the first point of breaking into a shock and corresponding time. It is also assessed as to how the shock formation distance (first point of breaking) is influenced by the presence of non-idealness in a radiating gas for the case of generalized geometry.
